Background: Public health strategies are needed to curb antimalarial drug resistance. Theoretical argument points to an association between malaria transmission and drug resistance although field evidence remains limited. Field observations, made in Zimbabwe, on the relationship between transmission and multigenic drug resistance, typified by chloroquine, are reported here.
Background
The escalation of parasite drug resistance has persisted as a major obstacle to malaria control for decades [1] [2] [3] . Owing to dwindling options for affordable, safe and effective drugs, rising clinical failure rates exact a substantial public health toll, especially in Africa [4, 5] . In countries that recently replaced chloroquine with sulfadoxine/ pyrimethamine as first line treatment, there are signs of increasing resistance to the antifolate combination [1, 2, [6] [7] [8] [9] . Partly because of the spectre of drug resistance, pharmaceutical companies reduced investment in new antimalarial drug research. Fortunately, official calls in the mid 1990's led to renewed public-private sector initiatives for the development of new compounds, as well as the improvement of existing ones [10, 11] .
However, Plasmodium falciparum has repeatedly demonstrated the ability to develop resistance to practically any drug upon wider introduction, as illustrated by multidrug resistance, especially in South East Asia [12] [13] [14] [15] . Thus, public health strategies that delay or minimize the escalation of drug resistance are urgently required. To date, the only approach that has been widely evaluated and is currently being introduced is the use of combination chemotherapy [11, 16, 17] which protects constituent drugs from resistance through a multigenic mechanism of resistance and strategic pharmacological properties such as short half-life. In poor countries the effectiveness of this method is hampered by increased cost of medication. Furthermore, even the new combinations are not totally protected from the development of resistance, as illustrated by the recent confirmations of clinical failure and in vitro resistance to proguanil/atovaquone [18] [19] [20] [21] [22] . Additional strategies are, therefore, needed to ensure the successful containment of drug-resistant malaria.
Mathematical models have been proposed suggesting a relationship between malaria transmission and the evolution of drug resistance, though some workers suggest a positive association [23, 24] while others propose a negative one [25, 26] . Major implications for control pertain to this question. It may mean that vector control programmes are counterproductive by aggravating drug resistance, or, it could be that they complement chemotherapy by alleviating resistance. Although this interaction between transmission and drug resistance is further addressed in a review [27] , the exact answer still remains uncertain against a background of limited field evidence. The present paper presents observations on the field relationship between transmission variations (both natural and vector control induced) and the levels of in vivo multigenic drug resistance, typified by chloroquine.
Methods

Study areas and population
Zimbabwe, on the southern fringes of malaria in Africa, experiences seasonal and potentially epidemic transmission characterized by a non-immune population with high probability of drug treatment [28] [29] [30] . The country has sustained a national malaria vector control programme for decades, based on intradomicilliary application of residual insecticide. From the early 1990s selective vector control was introduced, in which areas with moderate transmission are of less priority and spraying is focused in zones of high transmission/high malarial incidence. Chloroquine has remained the first line treatment for uncomplicated malaria, although a combination of chloroquine and sulfadoxine/pyrimethmanine is currently being introduced in some areas. A tiered drug distribution policy has been implemented in the country, so that, until 1997, chloroquine was the only antimalarial available at the peripheral level. Thereafter, policy revisions allowed wider distribution of sulfadoxine/ pyrimethamine to treat chloroquine failure cases.
The study was based at five health centres located in the low-lying (<600 m above sea level) hyperendemic transmission zone as well as those in the higher altitude (600 -1200 m asl) mesoendemic transmission zone bordering the malaria-free central watershed (Table 1, Fig 1) . All the study locations experience seasonal, single peak (February-May) malaria transmission typical for Zimbabwe. Acute symptoms and complications occur across all ages in this non-immune population, where asymptomatic carriage of asexual parasitaemia is rare [28, 29] . The study was conducted on uncomplicated falciparum malaria cases of all age groups presenting at the health centres for treatment. 
Study design
The study was a prospective assessment of the therapeutic response of P. falciparum malaria to chloroquine from 1995-2003. Consecutive assessments of therapeutic response were conducted in two mesoendemic sites during the presence or absence of selective indoor residual insecticide spraying (house spraying). Transverse assays for Pfmdr1 and Pfcrt mutations associated with chloroquine resistance were carried out in these two sites during the 1998-99 transmission season. Further assessments of in vivo chloroquine therapeutic response were carried out cross-sectionally in another three sites where treatment change to chloroquine (CQ) + sulfadoxine/pyrimethamine (SP) was not yet being implemented due to temporary unavailability of SP. Malarial incidence was determined retrospectively for all sites using available health centre records.
In vivo antimalarial therapeutic efficacy assessments
The in vivo therapeutic efficacy of chloroquine was assessed using the standard WHO (1996) protocol [31] . Since this protocol was primarily targeted for regions of intense malaria transmission, two modifications were adopted to suit the seasonal/epidemic conditions of Zimbabwe. These were (i) inclusion of febrile patients of all age groups and (ii) adoption of radical asexual parasite elimination as a criterion for adequate response to treatment.
Inclusion of all age groups was on the rationale that there is no premunition in the population. Recruited patients were thus a representative sample of the symptomatic population which presents for treatment with chloroquine in the primary health care system. The radical asexual parasite elimination criterion was adopted because persistent asexual parasitaemia poses a risk of complications in non-immunes.
Molecular detection of Pfmdr1 and Pfcrt polymorphisms
Amino acid polymorphisms at codons 86 and 1246 of the P. falciparum Pfmdr1 gene and at codon 76 of the P. falciparum chloroquine resistance transporter gene (Pfcrt), which are associated with chloroquine resistance [32, 33] , were detected by PCR and codon-specific restriction enzyme digestion [34, 35] . Appropriate positive and negative control strains were used in interpretation and, except for the Pfcrt codon, additional restriction sites were included in the target PCR product to serve as internal controls for complete digestion.
Ethics
The study was approved by respective provincial medical health authorities and by the Medical Research Council of Zimbabwe. Patient participation was by the informed consent of the patients themselves or guardians, in the case of children.
Location of study sites, shown in relation to altitudinal zones that govern malaria endemicity Figure 1 Location of study sites, shown in relation to altitudinal zones that govern malaria endemicity. Central watershed (elevation > 1200 m above sea level) experiences nil -hypoendemic malaria transmission, and endemicity increases with falling altitude towards the north and south of the country. Monthly malarial incidence in Burma valley (BV) and Sahumani (SH) catchments during and after selective spraying (boxed terms, Risk Ratios (95% CI) for peak malaria transmission period (February -May)) Figure 2 Monthly malarial incidence in Burma valley (BV) and Sahumani (SH) catchments during and after selective spraying (boxed terms, Risk Ratios (95% CI) for peak malaria transmission period (February -May)). 
Results
Association of house-spraying with reduced levels of chloroquine resistance (i) Burma Valley and Sahumani follow-up study
On the grounds of low malarial incidence, the catchments of Sahumani clinic, in Mutasa district and Burma Valley clinic, in Mutare district (Fig 1) , were removed from the spraying programme in 1992, with the advent of selective control to save on inseciticide. However, the Burma catchment, which is situated on commercial farms, was re-allocated to annual spraying from 1995 -1999 when, for economic reasons, local farmers agreed to supply the malaria control authorities with insecticide. The Burma catchment subsequently reverted to no spraying after the 1999 spraying operation, due to disagreements between commercial farmers and the government. In contrast, the Sahumani catchment, which is located in villages, remained unsprayed from 1992.
There were no malaria statistics for the two health centres prior to 1998, (1997 for Sahumani). However, during the selective annual spraying, the risk of contracting malaria in the sprayed Burma Valley catchment was at least 2.6 fold lower than for Sahumani (Fig 2) from 1998 -2000.
After the selective spraying operation ended in 1999, the malarial incidence became uniform for the two catchments by 2001 (Fig 2) . Fig 3) . Interestingly, mixed infections containing both mutant and wild type variants tended to be more frequent in the Burma Valley area (Fig 3) , despite lower transmission in this catchment. The same distribution pattern observed with individual codons was mirrored in mutated haplotypes comprising two or more amino acid codons (Table 3) . Three-codon haplotypes from the sprayed area exhibited significantly more mixed mutant and wild variants at one or more codons than corresponding haplotypes from the unsprayed area (odds ratio 5.4, 95 % CI: 1.89 -15.54, p = 0.001, n = 131).
Drug failure as a function of transmission
A scatterplot of chloroquine therapeutic failure rate with malarial incidence suggested a positive association (Fig  4) . In stead of using parametric tests on arcsine transformed data (perhaps better done with more data points), the probability of chloroquine failure was examined as a function of transmission zone, and spraying history, using a logistic model. The health centre catchments naturally falling in the mesoendemic zone according to altitudinal classifications [28] , did exhibit significantly lower malarial incidence, for at least the previous 10 years, than those in the hyperendemic zone (Fig 5, Table 4 ). In the logistic regression, the probability of therapeutic failure was 6.4-fold lower in these mesoendemic catchments than in hyperendemic ones (Table 5 , 6, 7). At any time point, catchments that were under ongoing annual spraying experienced 4-fold lower likelihood of drug failure than those that were last sprayed 3-7 years ago (Table 5) .
Discussion
The build up of drug-resistant P. falciparum malaria calls for public health strategies to maximize the useful life of antimalarials. According to the findings of the present study, reduced transmission, due to vector control or high altitude, was associated with suppressed levels of in vivo therapeutic failure and genotypic resistance to chloroquine. Assuming that chloroquine resistance has a multigenic mechanism, as is the general consensus [12, 36, 37] , this association between transmission and drug resistance presumably governs other drugs or drug combinations that have polygenically encoded resistance.
From the Burma Valley and Sahumani cross-sectional assays, there was, in the sprayed catchment, a higher likelihood of infections carrying mixed mutated and wild type codons, for both Pfcrt and Pfmdr1, despite the lower Scatter plot of therapeutic failure prevalence with malarial incidence Figure 4 Scatter plot of therapeutic failure prevalence with malarial incidence. transmission. This paradoxical result suggests that the sprayed area probably favoured more genetic out-crossing, resulting in recombination break down of drug-resistant haplotypes. The genetic out-crossing may partly explain the association of low drug resistance with the house spraying. Further studies are needed to verify this relationship in more areas.
In Burma Valley, despite drug pressure, the proportion of resistant parasites decreased during spraying, and subsequently resurged after the spraying stopped. This is reminiscent of the decrease in proportion of chloroquineresistant parasites reported in China [38] , and more recently in Malawi [39, 40] , following suspension of chloroquine use. From these observations it would seem that chloroquine-resistant parasites bear a fitness cost as drug selection advantage is removed or counteracted.
What is distinct about the current results is that the fitness cost for resistance appeared to occur in the sporogonic phase, as distinguished from an in vivo fitness burden that is thought to ensue following cessation of drug use. In the Monthly malarial incidence per thousand population in hyperendemic (hyper) and mesoendemic (meso) catchments Figure 5 Monthly malarial incidence per thousand population in hyperendemic (hyper) and mesoendemic (meso) catchments. Cases per 1000 population ) The present results afford field evidence supporting the continuation of sustainable malaria vector control programmes. Similar findings were reported for Uganda [41] , although the same workers found a difference between chloroquine (multigenic resistance) and sulfadoxine/ pyrimethamine (monogenic resistance) below a critical threshold of transmission [37] . These papers may further support the findings of the present study. It has been cautioned that resistance might exacerbate as eradication is approached [42] . However, in the current study, the low transmission levels associated with high altitude and spraying showed no signs of this counterproductive effect. Moreover, in poor countries, which are the de facto stronghold for malaria, eradication so far remains only an academic prospect, as the malaria burden continues to increase [43] . It seems that the adoption of sustainable transmission control with combination chemotherapy is a potent approach for the future containment of drugresistant malaria.
Conclusions
Reduced transmission due to house spraying or high altitude is associated with suppressed levels of phenotypic and genotypic resistance to chloroquine and presumably other multigenically encoded drug regimens. Transmission control implemented with combination chemotherapy seems a potent approach for the future containment of drug-resistant malaria.
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